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Abstract 
Two routes to produce liquid hydrocarbon fuels from solids via synthesis gas are Fischer–Tropsch (FT) synthesis and methanol-
to-gasoline (MTG). Using a common and detailed process simulation and cost analysis framework, this paper compares the 
performance and cost of FT and MTG processes on a self-consistent basis. In particular, FT and MTG production from coal and 
coal/biomass co-feeds are compared, including detailed mass, energy and carbon balances, fuel-cycle-wide GHG emissions, and 
prospective capital and production costs. The common analytical framework that includes plant design philosophy and capital 
cost database enables meaningful comparisons to be made. Economic analysis examines the impact of relative feedstock prices, 
co-product values, and greenhouse gas emission prices. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Two commercially established routes for converting solids to transportation fuels through gasification are 
Fischer-Tropsch (FT) synthesis and gasoline synthesis from methanol (MTG). FT synthesis produces a broad 
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spectrum of straight-chain olefins and paraffins that requires upgrading to produce finished transportation fuels.1,2
The MTG process produces primarily a finished-grade gasoline, with a small LPG-like byproduct.3,4 See Table 1.  
FT or MTG fuels made from coal can provide an important domestic transportation energy option for the U.S. 
and other coal-rich countries, but the lifecycle greenhouse gas (GHG) emissions associated with producing and using 
such fuels (with all byproduct CO2 vented to the atmosphere) would be about double those for an equivalent amount 
of fuel derived from crude oil. 5 If CO2 capture and storage (CCS) were integrated into the production process, then 
lifecycle GHG emissions would be roughly the same as for the petroleum-derived fuels displaced.5 By co-processing 
some sustainably produced biomass with coal to make FT or MTG fuels and using CCS, fuel-cycle GHG emissions 
of the resulting fuels can be as low as zero, thereby providing both energy security and carbon mitigation 
benefits.5,6,7 
Table 1. Product slates (% by mass) of Fischer-Tropsch and methanol-to-gasoline processes. 
Fischer-Tropscha Methanol-to-Gasoline 
Cobalt Catalyst2
(220 oC)
Iron Catalyst2
(340 oC)
ExxonMobil 
Process3,4 Halder-Topsoe TIGAS process
3,8
Methane 5 8 0.7 1 
Ethylene 0.05 4 - - 
Ethane 1 3 0.4 4 
Propylene 2 11 0.2 - 
Propane 1 2 4.3 6 
Butylenes 2 9 1.1 - 
Butane 1 1 10.9 13 
C5-160 oC 19 36 82.3 76 
Distillate 22 16 - - 
Heavy Oil/Wax 46 5 - - 
Water soluble oxygenates 1 5 0.1 - 
Total 100 100 100 100
a FT yields are prior to refining for gasoline octane and diesel pour point improvement. 
This paper presents a detailed comparative technical and economic assessment of the production from coal or 
coal/biomass of synthetic diesel and gasoline via FT synthesis and synthetic gasoline via MTG technology. Designs 
include ones without and with CCS and ones without and with substantial electricity co-production. Steady-state 
mass/energy balances are simulated in detail as a basis for estimates of full fuel-cycle GHG emissions and 
equipment capital and operating costs. Overall economics are evaluated under alternative oil price and GHG 
emissions price assumptions. 
2. Process designs 
For FT and MTG processes, we simulated mass and energy balances for each of five plant configurations, three 
using coal and two using a combined feed of coal and biomass. Within each set of five plants, there are two basic 
process concepts: in one case production of liquid fuel is maximized and in the other electricity is a major coproduct. 
Eight of the ten plants include CO2 capture and underground storage in a deep saline aquifer. Table 2 gives 
acronyms and key distinguishing features of all designs.   
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Table 2. Cases investigated in this study. 
Acronym Key process features 
MTG designsa
CTG-V Coal feed, recycle unconverted syngas for maximum liquids, vent byproduct CO2
CTG-CCS Coal feed, recycle unconverted syngas for maximum liquids, capture and store CO2
CTGE-CCS Coal feed, partial bypass of syngas to coproduce electricity, capture and store CO2
CBTG-CCS Coal+biomass feed, recycle unconverted syngas for maximum liquids, capture and store CO2
CBTGE-CCS Coal+biomass feed, partial bypass of syngas to coproduce electricity, capture and store CO2
FTL designsb
CTL-V Coal feed, recycle unconverted syngas for maximum liquids, vent byproduct CO2
CTL-CCS Coal feed, recycle unconverted syngas for maximum liquids, capture and store CO2
CTLE-CCS Coal feed, the syngas pass once-through to coproduce electricity, ATR used downstream for aggressive CO2
capture  
CBTL-CCS Coal+biomass feed, recycle unconverted syngas for maximum liquids, capture and store CO2
CBTLE-CCS Coal+biomass feed, the syngas pass once-through to coproduce electricity, ATR used downstream for 
agreesive CO2 capture and store 
a CTG-V, CTG-CCS, CTGE-CCS, CBTG-CCS and CBTGE-CCS are the configurations called CTG-RC-V, CTG-RC-CCS, CTG-PB-
CCS, CBTG-RC-CCS and CBTG-PB-CCS respectively in Liu, et al. 6
b CTL-V, CTL-CCS, CTLE-CCS, CBTL-CCS and CBTLE-CCS are the configurations called CTL-RC-V, CTL-RC-CCS, CTL-OTA-
CCS, CBTL-RC-CCS and CBTL-OTA-CCS respectively in Liu, et al. 5
2.1. Syngas production 
Illinois No. 6 bituminous coal is milled, slurried with water, and pumped into an entrained flow oxygen blown 
gasifier (simulated based on the GE Energy quench gasifier) operating at 75 bar pressure and reaching 1371ºC 
operating temperature. Oxygen (99.5% purity) is supplied from a dedicated air separation unit (ASU). In the lower 
section of the gasifier, the raw synthesis gas passes through a quench, followed by an external scrubber that removes 
remaining particulate matter. The gas leaves the scrubber at close to 250ºC and with an H2/CO molar ratio of 0.67. 
The syngas then undergoes partial water gas shift (WGS) to achieve the desired H2/CO ratio for liquids synthesis. 
CO2 and H2S are then removed by Rectisol® absorption, as required for downstream fuel synthesis. The H2S is 
converted to elemental sulphur for disposal or sale. The recovered CO2, which is essentially pure, is vented or 
compressed for underground storage, depending on the design. 
When biomass is a co-feed, a separate biomass gasifier train is incorporated into the design. The biomass 
feedstock is switchgrass, which arrives with 15% moisture content and so needs no drying prior to gasification. The 
as-received switchgrass is chopped and fed to the gasifier via lock-hoppers using recovered CO2. The gasifier, 
simulated based on the Gas Technology Institute’s fluidized bed design, is operated at 30 bar and 816oC. After 
gasification, raw syngas is sent to a catalytic tar cracker to convert the heavy hydrocarbons into light gases. For 
designs that maximize liquids output, an oxygen-blown autothermal reformer (ATR) is included after tar cracking to 
reform the remaining methane into additional CO and H2.  For co-production designs, the ATR is not included for 
coproduction designs. After boosting the pressure of the bio-syngas to match that of the coal syngas, the two streams 
are combined prior to CO2 removal and further downstream processing. 
2.2. MTG: Gasoline via methanol-to-gasoline process6
In the coal-to-gasoline and coal/biomass-to-gasoline plant designs that maximize liquid fuels (CTG-RC), all of 
the CO2-depleted syngas leaving the Rectisol unit is delivered with a stoichiometric number (H2-CO)/(CO+CO2) of 
2.05 to a Lurgi-type methanol synthesis reactor. In the coproduction design 35% of the syngas is bypassed around 
the fuel synthesis area to the power island. This bypass fraction gives a liquids-to-electricity output energy ratio for 
the plant of approximately 2:1, a ratio that was found in prior work on FT systems5 to provide more favorable 
economics under many circumstances than designs that maximize liquid fuels production. Leaving the methanol 
reactor, the synthesis product is cooled to separate crude methanol from unconverted syngas. The latter is recycled to 
increase overall CO conversion and methanol output.
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The crude methanol (96% methanol by mass and the remainder primarily water) is pumped to 22.7 bar, vaporized, 
and superheated (to 297oC) by heat exchange with reactor effluent before entering a fixed-bed reactor, where it is 
dehydrated to dimethyl ether (DME). The DME passes to an adiabatic gasoline synthesis reactor modelled on 
ExxonMobil’s process.1,2 The raw hydrocarbon products are cooled and then the light gases, water, and hydrocarbon 
liquids are separated by flashing. A large recycle of light gases to the gasoline reactor is used to limit its outlet 
temperature to 400oC. The liquid hydrocarbon product is sent for finishing, where one prominent compound of the 
gasoline product, durene (1,2,4,5-tetramethyl-benzene), is treated. The durene undergoes isomerisation, 
disproportionation and demethylation in the presence of hydrogen to convert it to isodurene, which eliminates 
potential carburetor icing issues when using the gasoline. The hydrogen is supplied by feeding a portion of the 
unconverted syngas following methanol synthesis to a pressure swing adsorption (PSA) unit, the tail gas from which 
is recompressed to rejoin the remaining gases. The products leaving the fuels synthesis area are a high-octane 
gasoline, LPG, and light gases. The light gases are sent as fuel to the power island. The LPG is sold as a co-product. 
Purge gases from the methanol synthesis and gasoline synthesis recycle loops provide fuel for the power island. 
The power island consists of a boiler/steam-turbine cycle for designs that maximize liquids production (Figure 1a) 
and a gas turbine/steam turbine combined cycle for coproduction designs. See Figure 1(b, c). 
For cases involving CO2 capture and storage (Figure 1), the recovered pure CO2 stream is compressed to 150 bar 
for delivery to a pipeline for transport to an underground saline aquifer storage repository. The dilute CO2 stream 
from the power island is not captured in the cases that maximize liquids output, since this would require a “tailpipe” 
chemical absorption unit that would severely penalize overall plant efficiency and increase capital cost. In the 
coproduction designs, since the syngas that bypasses the fuels synthesis area is rich in CO, a two-stage water gas 
shift (WGS) and a Rectisol CO2 absorption column (sharing a solvent regeneration column with the upstream 
Rectisol unit) are inserted immediately upstream of the power island to capture some CO2 that would otherwise be 
vented at the power island. 
 (a) 
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(b)
(c) 
Figure 1. Process configurations for synthetic gasoline production from coal or coal/biomass with capture and storage of CO2: a) CTG -CCS; b) 
CTGE-CCS; c) CBTGE-CCS. 
2.3. Gasoline and diesel via FT synthesis5
The syngas production systems are essentially identical to those described in Section 2.1, except that the WGS is 
designed to achieve H2/CO of 1, as needed for slurry-phase, iron-catalyzed FT synthesis. Following CO2 removal, 
the syngas is heated and delivered to the FT reactor that operates at 24 bar and 245oC. The FT synthesis proceeds 
with a single-pass CO conversion of 51%. The raw product from the FT reactor is separated by distillation in the 
hydrocarbon recovery area into naphtha, middle distillate, and heavy wax streams, along with a gas stream 
containing unreacted H2 and CO, and CO2 and light hydrocarbons (C1 to C4) formed during synthesis. The liquid 
fraction is upgraded to diesel and gasoline blendstocks in a ratio of 63:37 (LHV basis).  
In the RC cases aiming is to maximize liquid fuel production (Figure 2a), most of the syngas unconverted in a 
single pass through the synthesis reactor is compressed, combined with steam and oxygen, and passed through an 
oxygen-blown ATR from which emerges a gaseous mixture primarily made up of CO, H2, and CO2 at 1000oC. The 
ATR output is combined with fresh syngas upstream of the AGR and recycled back through the synthesis reactor. A 
purge stream from the recycle loop prevents excessive buildup of inert gases and, together with the light gases 
collected from the refining area, constitutes the fuel for the power island. This gas mixture fuels a steam Rankine 
cycle that generates all the electricity needed to run the entire facility plus a small amount of export electricity. 
In coproduction plant designs, the syngas passes only once through the synthesis reactor and all of the 
unconverted syngas plus light gases from FT refining are compressed and supplied to the power island where a gas 
turbine/steam turbine combined cycle (GTCC) provides the power needed to operate the plant, as well as a 
substantial amount of export power. See Figure 2 (b,c). 
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(a) 
 (b) 
(c)
Figure 2. Process configurations for FT liquid fuels production from coal or coal/biomass with capture and storage of CO2: (a) CTL-CCS; (b) 
CTLE-CCS; (c) CBTLE-CCS. 
In plants with CCS, the designs are similar to those for the MTG cases. For coproduction designs, the power 
island fuel gas with steam and O2 in an ATR so as to convert most of the C1 to C4 hydrocarbons to CO and H2. The 
reformed syngas passes through a two-stage WGS unit in which CO and steam react to produce mostly H2 and CO2.
The CO2 is then removed in the absorption column to increase total CO2 capture (Figure 2).  
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3. Process simulation results 
For all the cases, we have developed detailed mass, energy, and carbon balance simulations using Aspen Plus 
software, as described by Liu et al.5,6 The amount of coal processed at each facility is set using different criteria. For 
coal-only systems maximizing liquid fuels production, the plants are designed with coal input that results in 50,000 
barrels per day of FT fuels or synthetic gasoline production. This is a size range conventionally considered to be 
needed for reasonable economics.  For coal/biomass systems, we assume a biomass input of one million dry tonnes 
per year, which appears to be a plausible maximum truck-delivery rate in the Midwestern United States.9  The coal 
input rates for these plants are then set so as to achieve a target carbon footprint for the facility of zero (or very close 
to zero), as measured by the plant’s Greenhouse Gas Emissions Index (GHGI).  The GHGI, introduced by Liu et al.,5
is defined as the lifecycle GHG emissions for the system divided by those associated with production and use of an 
energy-equivalent amount of fossil fuel-derived products displaced (LHV basis). We assume the latter are 
petroleum-derived liquid fuels and electricity generated by a new supercritical pulverized coal plant that vents CO2
(PC-V). See Table 3, notes (a,b) for details. The GHGI metric is a particularly useful metric for analyzing plants 
with multiple outputs, since it does not require any allocation of emissions to the different products. 
Table 3 and Table 4 summarize our process simulation results for MTG and FTL cases. The results indicate that:   
z For both MTG and FT systems, the designs that maximize liquid fuels production (CTG-V, CTL-V, CTG-CCS, 
CTL-CCS) provide the highest overall efficiency, with the CCS causing only a small efficiency penalty (due to 
CO2 compression) relative to venting CO2. The coproduction designs are less efficient due to the intrinsically 
lower efficiency of converting syngas into electricity than into liquids.  
z Comparing CTG and CTL designs that maximize liquids production shows that overall efficiencies are 
comparable, even though the liquid fuel-to- coal energy ratio for the CTL case is less than for CTG. The CTG 
design has a larger onsite demand for electricity, which reduces the net electricity output and thereby limits 
total efficiency.  
z Comparing results for the coproduction and maximum liquids designs highlights the trade-off involved between 
a design that maximizes liquid fuels production and one that co-produces a significant amount of electricity. A 
useful comparative metric is the marginal electricity generation efficiency (MEGE)5,10, defined as the additional 
electric power generated via the coproduction design relative to the maximum-liquids design (when both plants 
are sized to produce the same amount of liquid fuels) divided by the additional coal consumed. The MEGE for 
the CTGE-CCS and CTLE-CCS designs are 34% and 29% (Table 4). These are comparable to efficiencies for 
new stand-alone coal power plants with CO2 captured and stored: 27% for a supercritical pulverized coal plant 
with CCS (PC-CCS) to 31% for a coal integrated gasifier combined cycle with CCS (CIGCC-CCS)11 Thus, the 
electricity at a coproduction plant is generated at least as efficiently as would be the case at a stand-alone coal-
fired power plant. The high MEGE for coproduction designs arise because of the effective recovery and use of 
process heat to boost electricity output.  
z The GHGI for the coal-only designs maximizing liquids production are 1.7 (CTL-V) and 1.9 (CTG-V), 
indicating carbon footprints nearly double those for a reference system that would produce the same amounts of 
liquid fuel and electricity from crude oil and coal, respectively. With CCS, the GHGI is reduced to within about 
10% of the reference system. 
z For coal-only coproduction designs with CCS, the GHGI is far lower than for the CTL-CCS and CTG-CCS 
plants because more CO2 can be captured at the plants and because the high electricity/fuels output ratio 
implies greater GHG emissions displacement per unit of total output. The GHGI for CTLE-CCS and CTGE-
CCS are identical because, even though the CTLE design has a higher electricity/fuels ratio, a larger fraction of 
the carbon not in the liquid products is captured in the CTGE case (86% versus 74%). 
z For the plants with a combined feed of coal and biomass, the biomass input fractions (energy basis) are 
comparable for the CBTG-CCS and CBTL-CCS designs (45.1% for CBTL and 46.6% for CBTG). For the 
coproduction designs, the biomass fraction is higher for the CBTGE case (35% versus 29%), an artifact 
primarily of not exactly achieving the target zero value for GHGI in the CBTLE simulation.
7322   Guangjian Liu and Eric D. Larson /  Energy Procedia  63 ( 2014 )  7315 – 7329 
Table 3. Process simulation results for MTG and FTL cases with RC design (maximizing liquids output). 
 Coal, CO2 vent Coal, CCS Coal/biomass, CCS 
Plant accronym>>> CTG-V CTL-V CTG-CCS CTL-CCS CBTG-CCS CBTL-CCS 
Coal input 
As-received, metric t/day 22,663 24,087 22,663 24,087 2,451 2,562 
Coal, MW HHV 7,112 7,559 7,112 7,559 758 804 
Biomass input      
As-received metric t/day 0 0 0 0 3,581 3,581 
Biomass, MW HHV 0 0 0 0 661 661 
Biomass fraction of inputs, HHV basis (BF) 0 0 0 0 46.6% 45.1% 
Liquids output      
Liquid fuels, LHV 3272 3,159 3272 3,159 646 622 
bbl/day crude oil products displaced (excl. LPG) 50,000 50,000 50,000 50,000 9,871 9,845 
Electricity output    
Gross production, MW 594 849 594 849 135 157 
On-site consumption, MW 484 445 582 555 113 104 
Net export to grid, MW 110 404 12 295 22 53 
ENERGY RATIOS (HHV basis)    
Liquid fuels out /Energy in  49.4% 45.0% 49.4% 45.0% 48.9% 45.7% 
Net electricity/Energy in  1.5% 5.3% 0.2% 3.9% 1.6% 3.6% 
Total Energy out/Energy in 50.9% 50.3% 49.6% 48.9% 50.5% 49.3% 
Electricity fraction of products (EF) 3.0% 11.3% 0.4% 8.5% 3.2% 7.9% 
CARBON ACCOUNTING    
C input as feedstock, kgC/sec 167 178 167 178 34.37 35 
% stored as CO2 0.0% 0.0% 48.7% 51.6% 53.8% 53.7% 
% in char (land-filled, sequestered from atmosphere) 4.0% 4.0% 4.0% 4.0% 3.5% 3.5% 
% vented to atmosphere 57.6% 61.9% 8.9% 10.3% 5.7% 9.0% 
% in liquid fuels  38.4% 34.1% 38.4% 34.1% 36.9% 33.7% 
CO2stored, 106 tCO2/yr (90% capacity factor) - 0 8.47 9.54 1.92 1.98 
Greenhouse Gas Emissions Index (GHGI)a,b, 1.9 1.7 1.1 0.89 0 0.09 
a The Greenhouse Gas Emissions Index is defined as the lifecycle GHG emissions associated with a particular plant divided by the lifecycle GHG 
emissions associated with the fossil fuel-derived products displaced by the fuels and electricity produced by the process. Assumed emissions for the 
fossil-fuel products displaced are 91.6 kgCO2eq/GJLHV for a 63/37 diesel/gasoline mix12, 90.6 kgCO2eq/GJLHV for petroleum-derived gasoline12and
86.1 kgCO2eq/GJLHV for petroleum-derived LPG. Additionally, for electricity we assume 827 kgCO2eq/MWh, the estimated lifecycle emissions for a 
supercritical pulverized coal power plant (786 kgCO2eq/MWh at the plant11 and 41 kgCO2eq/MWh from coal mining/transport.12)
b For the systems considered here, GHG emissions include positive emissions to the atmosphere that occur (i) during production and delivery of 
feedstocks (1.785 kgC/GJLHV for biomass and 1.024 kgC/GJLHV for coal), (ii) at the plant during feedstock conversion (as noted in this table), (iii) during 
delivery of liquids to the point of use (0.1551 kgC/GJLHV for gasoline and 0.183 kgC/GJLHV for LPG), and (iv) during fuel combustion (assuming 
complete combustion). Carbon removed from the atmosphere and stored in the input biomass feedstock are counted as negative emissions. 
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Table 4. Process simulation results for MTG and FTL cases with coproduction designs. All designs include CO2 capture and storage (CCS). 
 Coal Coal and Biomass 
Plant accronym>>> 
CTGE-
CCS 
CTLE-
CCS 
CBTGE-
CCS 
CBTLE-
CCS 
Coal input     
As-received, metric t/day 22,663 24,087 3,963 5,150 
Coal, MW HHV 7,112 7,559 1,244 1,616 
Biomass input    
As-received metric t/day 0 0 3,581 3,581 
Biomass, MW HHV 0 0 661 661 
Biomass fraction of inputs, HHV basis (BF) 0 0.0% 34.7% 29.0% 
Liquids output    
Liquid fuels, LHV 2,225 2,256 597 687 
bbl/day crude oil products displaced (excl. LPG) 33,924 35,705 9,128 10,882 
Electricity output  
Gross production, MW 1,486 1,489 431 466 
On-site consumption, MW 696 646 174 179 
Net export to grid, MW 790 843 257 287 
ENERGY RATIOS (HHV basis)    
Liquid fuels out /Energy in  33.6% 32.1% 33.7% 32.5% 
Net electricity/Energy in  11.1% 11.2% 13.5% 12.6% 
Total Energy out/Energy in 44.7% 43.3% 47.2% 45.1% 
Electricity fraction of products (EF) 26.2%  27.2% 30.1% 29.5% 
Marginal Electricity Generation Efficiencya (MEGE) 34.3%  29.3% - - 
CARBON ACCOUNTING    
C input as feedstock, kgC/sec 167.21 178 45.78 55 
% stored as CO2 63.7% 63.7% 65.4% 65.5% 
% in char (land-filled, sequestered from atmosphere) 4.0% 4.0% 3.6% 3.7% 
% vented to atmosphere 6.1% 7.9% 5.4% 6.6% 
% in liquid fuels  26.1% 24.4% 25.6% 24.2% 
CO2stored, 106 tCO2/yr (90% capacity factor) 11.09 11.79 3.11 3.72 
Greenhouse Gas Emissions Index (GHGI)b 0.59 0.59 0 0.09 
a The marginal electricity generating efficiency (MEGE) is defined as the ratio of A to B, where A is the difference in 
net electricity output between a “OT” plant design (e.g., CTGE-CCS) and the corresponding “RC” design (CTG-CCS) 
when both plants are scaled to the same liquid fuels output, and B is the difference in feedstock energy input between 
the two scaled designs. 
b See notes in Table 3. 
4. Cost analysis 
Application of detailed and consistent performance and cost estimating frameworks5,6 makes for meaningful 
comparisons of economic performance among different plants.  Economics can be evaluated from the perspective of 
a liquid fuels producer and, for the coproduction plants, from the perspective of an electricity producer. 
4.1. Capital cost estimates 
The detailed process simulations provide equipment sizing, on the basis of which installed capital costs are 
estimated and expressed in 2012 dollars using the Chemical Engineering Plant Cost Index13.
For the plant designs maximizing liquid fuels, total plant cost (TPC) for the coal-only designs range from $5.5 
billion to $5.8 billion (Table 5). The TPC is slightly higher for CTL than for CTG designs because the latter have a 
higher overall plant efficiency and do not require a capital-intensive ATR to achieve this.  The coal/biomass 
coprocessing plants, which are size-constrained by the biomass feed rate, have TPC around $1.5 billion, but the TPC 
per barrel of liquids produced is higher than for the coal-only cases due to diseconomies of scale.  
Table 6 compares TPC for plants that coproduce electricity. The coal-only plants have similar levels of TPC as 
for the counterpart plants that maximize liquids output, while the coal/biomass plants require about 30% more 
capital investment than their liquids-maximizing counterparts due to the larger power islands. 
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For all of the plant designs, syngas production and conditioning (ASU, gasification, gas cleanup) account for 60% 
to 70% of TPC.  For the CCS cases, CO2 compression adds only modestly to the capital cost.   
Table 5. Cost estimates for plant designs maximizing liquid fuels production. 
 Coal, CO2 vent Coal, CCS Coal/biomass, CCS 
Plant acronym  >>> CTG-V CTL-V CTG-CCS CTL-CCS CBTG-CCS CBTL-CCS 
Total Plant Cost (TPC), million 2012$ 5,418 5,745 5,518 5,820 1,549 1,574 
ASU plus O2 and N2 compression 950 1141 950 1141 224 294 
Biomass handling, gasification, and gas cleanup 0 0 0 0 357 344 
Coal handling, gasification, and quench 1,650 1,719 1,650 1,719 217 265 
All water gas shift, acid gas removal, Claus/SCOT 715 959 715 959 180 178 
CO2 compression 0 0 69 74 24 25 
Methanol synthesis or F-T synthesis & refining 687 980 687 981 191 271 
MTG synthesis & finishing or Naphtha upgrading 614 96 615 96 157 37 
Power island topping cycle 0 40 0 30 0 11 
Heat recovery and steam cycle 802 809 833 0 198 0 
Specific TPC, $ per bbl/day 108,360 114,908 110,360 116,396 156,924 159,852 
Internal Rate of Return on Equity (IRRE) 21% 20% 19% 17% 4.6% 4.5% 
Liquid fuels production cost, $/GJLHV 17.3 18.1 18.7 19.4 27.9 27.5 
Capital charges 10.9 10.7 11.1 10.8 15.8 14.9 
O&M charges 2.6 2.6 2.7 2.6 3.8 3.6 
Coal (@ 2.9 $/GJHHV; 78.6 $/tonne AR) 7.1 6.9 7.1 6.9 3.8 3.7 
Biomass (@ 5 $/GJHHV; 93.7 $/ton, dry) 0 0 0 0 6.2 5.7 
CO2 emissions charge 0 0 0 0 0 0 
CO2 transportation and storage 0 0 0.5 0.5 1.1 1 
Co-product electricity (@ 58.6 $/MWh) -0.6 -2.1 -0.1 -1.5 -0.1 -1.4 
Co-product LPG (@ 106$/bbl oil price) -2.7 - -2.7 - -2.7 - 
Liquid fuels prod. cost, $/gal gasoline equiv. 2.9 2.2 2.2 2.3 3.3 3.3 
Breakeven oil price, $/bbla,b 78 77 84 84 126 128 
Levelized cost of electricity, $/MWh - - - - - - 
Cost of avoided CO2, $/tone - - 14 13 27 17 
a.For FTL plants, the BEOP is calculated from the FTL fuels production cost by subtracting the refiner’s margin. (The refiner’s margin is the 
difference between the price of crude oil paid by a refiner and the wholesale price at which the refiner sells finished petroleum products; see Table 
7.) When the GHG emissions price is nonzero, GHG emission charges for petroleum-derived products (see Table 3, footnote b) are factored into the 
BEOP calculation. 
b. For MTG plants, The breakeven oil price (BEOP) is calculated assuming the LPG co-product is sold at the wholesale price of conventional LPG 
when the crude oil price equals the BEOP. The wholesale price of conventional LPG is estimated as a function of crude oil price from a regression 
correlation of wholesale propane prices and refiner crude oil acquisition costs in the U.S. propane ($/bbl) = 0.7062* Crude acquisition cost ($/bbl) + 
5.5852.6
4.2. Economics from the perspective of a liquid fuel producer 
Levelized costs of liquid fuels production (in $/GJLHV or $/gallon of petroleum-derive gasoline equivalent), 
estimated using financial and other parameter assumptions in Table 7, are shown in the lower part of Table 5 and 
Table 6. Total levelized costs are similar for parallel pairs of CTL and CTG designs. Capital charges are the most 
significant production cost component in all cases, followed by feedstock costs. Electricity revenues are especially 
significant in the coproduction cases. Adding CO2 capture and storage increases costs only modestly (compare CTG-
V and CTG-CCS or CTL-V and CTL-CCS in Table 5) because some CO2 removal is needed for process reasons 
regardless of whether the CO2 is vented or stored. The coal/biomass systems have much higher production costs due 
to scale-economy penalties and also the higher average cost per unit of feedstock. 
The levelized production costs are also expressed in Table 5 and Table 6 in terms of breakeven crude oil prices 
(BEOP), i.e., the crude oil prices at which the synthetic fuels would be competitive with petroleum-derived fuels. 
The CTL-V and CTG-V designs have BEOP of $77 to $78 per barrel without CCS and $82 to $84 per barrel with 
CCS. With CCS and biomass coprocessing, BEOPs are about 50% higher.  For the coproduction plants (Table 6), 
BEOPs are higher than for corresponding liquids-maximizing plants because of high capital charges and lower 
efficiency.  Also, BEOP for the CBTLE system is considerably lower than for the CBTGE system, because the 
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CBTLE system has a lower biomass input fraction and hence benefits from some scale economies in achieving the 
target GHGI. 
Table 6. Cost estimates for plant designs with coproduction of electricity. 
Coal Coal and Biomass 
Plant acronym  >>> CTGE-CCS CTLE-CCS CBTGE-CCS CBTLE-CCS 
Total Plant Cost (TPC), million 2012$ 5,842 5,706 2,097 2,061 
ASU plus O2 and N2 compression 992 1,099 343 356 
Biomass handling, gasification, and gas cleanup 0 0 361 344 
Coal handling, gasification, and quench 1,650 1,719 354 464 
All water gas shift, acid gas removal, Claus/SCOT 845 866 317 245 
CO2 compression 89 81 33 37 
Methanol synthesis or F-T synthesis & refining 480 751 180 292 
MTG synthesis & finishing or Naphtha upgrading 468 78 151 39 
Power island topping cycle 278 24 94 96 
Heat recovery and steam cycle 1,039 213 264 188 
Specific TPC, $ per bbl/day 172,208 159,805 229,733 189,438 
Internal Rate of Return on Equity (IRRE) 10% 11% 0.5% 4.3% 
Liquid fuels production cost, $/GJLHV 23.7 22.9  33.8 28.4 
Capital charges 17.4 14.9  23.2 17.6 
O&M charges 4.2 3.6  5.6 4.2 
Coal (@ 2.9 $/GJHHV; 78.6 $/tonne AR) 10.4 9.7  6.8 6.8 
Biomass (@ 5 $/GJHHV; 93.7 $/ton, dry) 0 0.0  6.7 5.2 
CO2 emissions charge 0 0.0  0 0.0 
CO2 transportation and storage 1 0.9  1.5 1.3 
Co-product electricity (@ 58.6 $/MWh) -6.5 -6.1  -7.2 -6.8 
Co-product LPG (@ 106$/bbl oil price) -2.7 - -2.7 - 
Liquid fuels prod. cost, $/gal gasoline equiv. 2.8 2.8  4.1 3.4 
Breakeven oil price, $/bbla 107 103 153 133 
Levelized cost of electricity, $/MWh 58 53 140 100 
Cost of avoided CO2, $/tone 19 32 22 30 
a See Table 5 notes a, b.
Table 7. Feedstock prices (2012$) and financial parameter assumptions.a
Levelized coal price to US average coal power generator, 2021-2040 ($/GJHHV) 2.9 
Levelized natural gas price to US average natural gas power generator, 2021-2040 ($/GJHHV) 5.72 
Annual average capacity factor for CTG plants (%) 90 
Annual average capacity factor for power-only plants (%) 85 
Assumed economic life of energy conversion plants (years) 20 
Debt/equity ratio 55/45 
Internal rate of return on equity (for calculating levelized production costs at zero GHG emissions price) 10.2% 
Allowance for funds used during construction (AFUDC,as % of TPC] 7.16% 
Annual capital charge rate (for calculation of LCOG and LCOE at zero GHG emissions price) 0.1557 
Annual O&M costs at the conversion facility (% of TPC) 4 
20-yr levelized electricity sale price with zero GHG emission price ($ per MWh) 58.6 
Levelized crude oil price ($ per bbl) with zero GHG emissions price, 2021-2040 (2012$/barrel) 106.3 
Refinery markup for crude-derived gasoline displaced by synthetic gasoline (¢/liter, 2012$) 6.33 
Refinery markup for crude-derived diesel displaced by synthetic diesel (¢/liter, 2012$) 16.3 
a See Liu, et al.6, Williams14 for details and sources of the values in this table.
Finally, the plants that maximize liquids output offer the highest IRRE, internal rate of return on equity (17% to 
21% for coal-only designs), because the assumed value for liquid products (at $106 per barrel crude oil -- Table 7) is 
high relative to the assumed electricity value. The CTG designs give higher IRRE than CTL designs because of their 
lower capital charges and higher coproduct revenues from sale of LPG.   
All of the results in Table 5 and Table 6 assume no price on GHG emissions.  As indicated by their GHGI values 
(Table 3 and Table 4), the carbon footprints for any of the coal-only plants that maximize liquid fuels, are relatively 
high, whereas for coproduction plants and (by-design) for coal/biomass coprocessing plants, GHGI are lower.  Non-
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zero GHG emissions prices can be expected to impact plant economics differently for plants with widely differing 
GHGI.  This issue is among those explored in the next section.  
4.3. Coproduction plants as electricity generators 
Since electricity accounts for about 30% of the energy output from plants with coproduction designs (Table 4), it 
is relevant to consider these plants as electricity generators and analyze their economics in comparison with 
standalone electricity generation technologies. Because coproduction plants produce multiple products, IRRE is 
perhaps the most appropriate metric for this comparison.  We examine results as a function of both GHG emissions 
price and crude oil price. For non-zero GHG emission prices, the assumed product selling prices for the IRRE 
calculations include the valuation of the fuel cycle-wide GHG emissions for electricity from a natural gas combined 
cycle with CO2 vented (NGCC-V) or crude-oil derived products displaced. See Table 3, note (a) for emission rates 
assumed. With these assumptions, the NGCC-V plant has the same IRRE at any GHG emissions price. 
 Conventional wisdom is that plants as large as the CTG, CTGE, CTL and CTLE plants described in Table 3 and 
Table 4 are necessary to achieve scale economies that would enable competitive liquid fuel production. But 
considering the difficulty in the present day of financing $5 to $6 billion dollar facilities, scaled-down versions of the 
coal-only coproduction plants are also analyzed here.† Smaller CTGE and CTLE plants are sized so that liquid 
outputs match those of the coal/biomass coprocessing plants. Comparing the small coal-only plants with their 
coal/biomass counterparts illuminates the impact of biomass addition on economics. Comparison of the larger and 
smaller coal-only systems helps illuminate the impact of scale. 
Figure 3 shows IRRE as a function of GHG emissions price. A base-loaded NGCC-V provides a 10% IRRE using 
the parameter assumptions described in Table 7.  The large CTLE-CCS, for which GHGI (0.59) is about the same as 
for the NGCC-V (0.57), has IRRE close to this value at zero GHG price, but increasing as GHG price increases due 
to the increasing value of the co-products.  IRRE for the large CTGE-CCS plant shows a similar trend, but with 
slightly lower values. The small coal-only plants can match IRRE for the NGCC-V only when the GHG price 
reaches $100/tCO2eq or more.  
The coal/biomass plants, however, which have the same scale as the small coal-only plants and much lower 
GHGI (~ 0), have IRREs that surpass that for NGCC-V at much lower GHG prices – about $40/t for the CBTLE-
CCS plant and about $65/t for the CBTGE-CCS plant. The CBTLE-CCS design out-performs the CTGE-CCS 
design because the former requires a smaller biomass input fraction to achieve the target GHGI: since the absolute 
biomass input level is the same for both designs, the overall scale of the CBTLE is larger, providing scale economy 
benefits. Additionally, the average cost per unit of feedstock input is lower. 
This analysis indicates that co-production plants can be competitive electricity generators and that co-processing 
of biomass in such plants will improve their competitiveness as GHG emission prices increase.  
The assumed oil price has a dramatic impact on the IRRE for all the cases, as illustrated in Figure 4, which shows 
IRRE values assuming a GHG emissions price of $87/tCO2eq. This emissions price is the levelized price of CO2
emissions (2021-2040) consistent with limiting average global warming to two degrees, according to the IPCC.15
When the crude oil price is above $90/barrel, both CBTGE-CCS and CBTLE-CCS cases have higher IRRE than 
NGCC-V. The IRRE of small two coal plants beats the NGCC-V when crude oil price above about $105/barrel. 
The analysis in Figure 4 indicates that in the presence of a strong carbon mitigation policy co-processing some 
biomass will allow coal-based coproduction plants (e.g., CBTLE-CCS) to earn competitive returns in competition 
with stand-alone electricity generators even at crude oil prices below $100 per barrel.  
† For this analysis, process configuration and technical performance per unit of feedstock input are assumed to be the same for the small and large 
versions of a plant design, but component-level capital costs are scaled using appropriate size-cost scaling exponents.  
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Figure 3. Internal rate of return on equity for several plant designs as a function of the GHG emission price. Assume the crude oil price is 
$106.3/barrel. Small CTLE-CCS is the scaled system with the same FTL output as CBTLE-CCS. Small CTGE-CCS is the scaled system with the 
same gasoline output as CBTGE-CCS. NGCC-V is shown as reference. 
Figure 4. Internal rate of return on equity for several plant designs as a function of the crude oil price.  Assume the GHG emissions price is 
$87/tCO2e. Small CTLE-CCS is the scaled system with the same FTL output as CBTLE-CCS. Small CTGE-CCS is the scaled system with the 
same gasoline output as CBTGE-CCS. NGCC-V is shown as reference. 
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The calculations in Figure 3 and Figure 4 assume capacity factors of 90% for the coproduction plant and 85% for 
the NGCC-V (Table 7). In reality the capacity factor for a plant will be determined largely by how it competes in 
economic dispatch.  The minimum dispatch cost (MDC) can be used to help judge the likely dispatch 
competitiveness of a plant. A plant’s MDC is the minimum selling price below which the economically prudent 
course is to shut down. MDC is equal to the plant’s short run marginal cost (SRMC, i.e., operating cost, excluding 
capital amortization and fixed operation and maintenance costs). Because coproduction systems provide two revenue 
streams, in these cases the MDC ($ per MWh) = SRMC ($ per MWh) - (synthetic gasoline and LPG revenues per 
MWh). Thus the MDC will decrease with increasing oil price, since the latter determines the value of the liquid 
coproducts. 
Figure 5 shows MDC as a function of crude oil price (at zero GHG emissions price) for several stand-alone power 
generating systems and four of the co-production plants. If the crude oil price is more than about $65/bbl, the MDC 
for the CBTGE-CCS and CBTLE-CCS plants equals that for a supercritical pulverized coal plant with CO2 vented 
(PC-V), which has the lowest MDC of any of the stand-alone options investigated. The MDC for the CBTGE-CCS 
and CBTLE-CCS plants at much lower oil prices than this would be competitive with those for the other stand-alone 
generating options shown in Figure 5. Thus, these co-production plants should be able to defend high design 
capacity factors in economic dispatch competition against most conventional power plants, even when oil prices are 
relatively low. 
Figure 5. Minimum dispatch cost (MDC) for alternative power systems. For systems with CCS, MDC includes the cost of CO2 transport to and 
storage in saline aquifers. The MDC values for the stand-alone fossil fuel plants are based on Liu, et al.  PC = supercritical pulverized coal plant. 
CIGCC = coal integrated gasification combined cycle. NGCC = natural gas combined cycle.   
5. Conclusions   
This paper presents a detailed comparative technical and economic assessment of the production from coal or 
coal-plus-biomass of synthetic diesel and gasoline via Fischer Tropsch (FT) synthesis and synthetic gasoline via 
methanol-to-gasoline (MTG) technology.  FT and MTG plants that share similar equipment configurations show 
generally similar technical and cost trends.  
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Plants designed to maximize liquid fuels production have higher overall energy efficiencies than plants that 
coproduce substantial electricity and offer attractive returns on investment, but their carbon footprints (as measured 
by the GHGI metric) are relatively high, even when CO2 capture and storage are included in the design.  The GHGI 
can be dramatically reduced by coprocessing some sustainably-produced biomass in designs with CCS.  
Plants that coproduce substantial electricity, co-feed some biomass, and use CCS can achieve a zero GHGI with a 
lower biomass input fraction than plants that maximize liquids production.  In a carbon-constrained world, when 
low-GHGI coproduction plants are evaluated as electricity generators against stand-alone low-carbon fossil fuel 
power plants, coal/biomass coprocessing designs can provide better returns on investment than stand-alone power 
plants when the crude oil price is $106 per barrel, if GHG emission prices are above about $40/tCO2eq. At higher 
GHG emission prices, favorable returns can be garnered at lower oil prices. Importantly, coproduction plants would 
have low minimum dispatch costs, even at very low oil prices, and thus would be able to defend high design capacity 
factors in economic dispatch competition. 
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